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Introduction {#sec005}
============

Porcine reproductive and respiratory syndrome virus (PRRSV), whose virions are 50--65 nm in diameter, belongs to the order *Nidovirales* and the family *Arteriviridae*, which includes equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and simian haemorrhagic fever virus (SHFV) \[[@pone.0200919.ref001]\]. PRRSV is a small, enveloped, positive-strand RNA viral pathogen that encodes a polycistronic RNA genome consisting of a 15-kb long 3\'-polyadenylation molecule that is responsible for detrimental reproductive disturbance, post-weaning pneumonia, growth disorders, low physiological performance, and a notable death rate in the swine industry. The first outbreaks of PRRSV were reported in Germany in 1990 and were far-flung throughout Europe by 1991 \[[@pone.0200919.ref002]\]. The outbreak of PRRSV in China in 2006 received global attention \[[@pone.0200919.ref003]\]. To date, PPRSV continues to spread and cause severe economic losses in the porcine industry worldwide.

After PRRSV infects a cell, the internal cellular morphology and structure change. Dramatic membrane rearrangements, which support viral replication and assembly, often occur in host cells upon virus invasion \[[@pone.0200919.ref004]\]. Widespread virus-induced membrane remodelling is the most prominent morphological feature observed in images of PRRSV-infected cells. This phenomenon was described more than 20 years ago, and the shapes, properties and formation mechanisms of these replicative structures have been characterized \[[@pone.0200919.ref005]\]. It has been shown that PRRSV mRNA is translated into a single polyprotein associated with certain organelles, such as mitochondria and the endoplasmic reticulum (ER), and these structures are morphologically similar to autophagosomes \[[@pone.0200919.ref006], [@pone.0200919.ref007]\]. Synchronously, the polyprotein is cleaved by cellular and viral proteases, which produce individual proteins required for later viral RNA synthesis and virion assembly. Furthermore, several studies have identified extensive cytoskeletal alterations induced by various members of the order *Nidovirales*. For instance, microtubule networks and double-membrane vesicles (DMVs) are reorganized in cells infected with EAV, and the innate immune system interfaces with the formation of replication organelles \[[@pone.0200919.ref008]--[@pone.0200919.ref012]\].

Some positive-strand RNA (+RNA) viruses induce membranous vesicles (MVs) to assemble virus replication complexes (RC) in infected cells. To a certain extent, viral RNA synthesis and the formation of replication-transcription complexes (RTCs) benefit from induced MVs. It is believed that viral proteins, RNA and some factors from the host cell create a scaffold for RCs, favouring viral RNA synthesis \[[@pone.0200919.ref012]\]. Additionally, membranes induced by the virus assist viral RNA, especially double-stranded RNA (dsRNA), with escaping the host immune response to replicate \[[@pone.0200919.ref013]\]. Different viruses form their RCs on specific cellular organelles, such as the outer mitochondrial membrane, the ER \[[@pone.0200919.ref014]--[@pone.0200919.ref016]\], the Golgi complex \[[@pone.0200919.ref016], [@pone.0200919.ref017]\] or the plasma membrane \[[@pone.0200919.ref015], [@pone.0200919.ref018]\]. Benefitting from electron microscopy (EM) and electron tomography (ET) technology, many studies have described the membrane rearrangements induced by positive-strand RNA viruses, including nodavirus (flock house virus), flaviviruses (dengue, West Nile and hepatitis C virus) and togavirus (rubella virus). Of note, in studies of other members of *Nidovirales*, the replication of EAV and three coronaviruses, specifically mouse hepatitis virus (MHV) \[[@pone.0200919.ref019]\], severe acute respiratory syndrome coronavirus (SARS) \[[@pone.0200919.ref020]\] and Middle East respiratory syndrome coronavirus (MERS-CoV), induced membrane rearrangement, including DMVs and reticular inclusions or complex membranes \[[@pone.0200919.ref020], [@pone.0200919.ref021]\]. DMVs were also observed during infection with infectious bronchitis virus (IBV), another coronavirus, and a small proportion of these DMVs were connected to the ER through their outer membrane, forming a zipped ER region \[[@pone.0200919.ref022]\].

For PRRSV infection, membrane rearrangements are established when highly heterogeneous MVs accumulate in the cytoplasmic matrix \[[@pone.0200919.ref023]\]. In addition, nidoviruses such as corona- and arteriviruses induce reticulovesicular networks (RVNs) of interconnected ER-derived DMVs and other membrane rearrangements. The RVN is thought to provide a location for viral replication or assembly and to protect the RC from innate immune detection \[[@pone.0200919.ref008]\]. However, in PRRSV-infected cells, the three-dimensional architecture of the membrane network, its occurrence, and the site of RNA replication have not yet been elucidated. A study was conducted in the 1990s to describe host cell modifications during PRRSV replication, but no other in-depth research has been conducted to identify the particular role of PRRSV virions in cell membrane rearrangement \[[@pone.0200919.ref005]\]. Here, we elucidated viral RNA, protein synthesis and particle release sites and described the details of PRRSV-induced membrane rearrangement. Finally, we identified potential sites for the synthesis of viral RNA that may be released.

In this study, we combined confocal microscopy and immune-electron microscopy (IEM) with live cell imaging approaches to detect viral RNA and proteins and to identify the replication and synthesis compartments in PRRSV-infected cells. Moreover, thin-section transmission EM and ET allowed us to conveniently observe the three-dimensional (3D) structure and biogenesis of PRRSV-induced cellular membrane compartments in Marc-145 cells. In summary, this study explained the topological relationship between PRRSV infection and cellular membrane rearrangement.

Materials and methods {#sec006}
=====================

Cell culture and virus infection {#sec007}
--------------------------------

Marc-145 (African green monkey kidney) cells were purchased fromAmerican Tissue Culture Collection (ATCC). Cells were cultivated in Dulbecco's minimal essential medium (DMEM, Invitrogen, the United States) supplemented with 10% foetal calf serum (FCS) at 37°C in 5% CO~2~. Marc-145 cells were infected with PRRSV strain CH-1a (the first type 2 PRRSV strain extracted and isolated in South China, offered by Dr. Guihong Zhang from South China Agricultural University, China). According to the Reed Muench method, a 50% tissue culture infectious dose was counted every hour post-infection (h.p.i.).

Antibodies {#sec008}
----------

Mouse anti-PRRSV N protein and monoclonal J2 anti-dsRNA antibodies were purchased from Jeno Biotech Inc. (Chuncheon, South Korea) and Scicons (Hungary), respectively. Cellular DNA, mitochondria and lysosomes were stained with DAPI, MitoTracker Red and LysoTracker Red, respectively (all reagents were from Molecular Probes, OR, USA). Rabbit anti-calnexin, anti-LC3 and anti-IgG Alexa Fluor were purchased from Cell Signaling Technology. A goat anti-mouse IgG-Gold antibody was obtained from Sigma-Aldrich.

qRT-PCR {#sec009}
-------

Cells were washed with phosphate-buffered saline (PBS) and collected. Total RNA was extracted using TRIzol™ reagent (Invitrogen, United States), and a reverse transcription kit (Promega, Madison, WI, USA) was used to synthesize complementary DNA (cDNA). After transient centrifugation, a quantitative plate mixture was placed in a LightCycler® 480 (Roche) according to real-time PCR system protocols \[[@pone.0200919.ref024]\]. The reaction (total volume of 10 μL) contained 5 μL of Ex Taq™ (TaKaRa, China), 1 μL of cDNA template (500 ng/mL), 3.4 μL of sterile distilled water, and 0.3 mL of forward and reverse primers, each at a concentration of 10 μmol/L. The reaction process consisted of 95°C for 10 seconds, followed by 40 cycles of 95°C for 10 seconds and 60°C for 30 seconds, and finally 72°C for 30 seconds. Specific primer sequences for the viral N genes were found in the NCBI database: N-F, `5′-AAAACCAGTCCAGAGGCAAG-3′`; and N-R, `5′-CGGATCAGACGCACAGTATG-3′`.

Western blotting {#sec010}
----------------

Cells were washed and then added into cell lysis buffer (Beyotime Biotechnol, Shanghai, China) with 1 mM diethyl pyrocarbonate (PMSF). Sample proteins were extracted with lab-made protein lysate and heated at 80°C for 5 minutes, followed by 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). When electrophoresis was complete, proteins in the 12% gel were blotted onto a polyvinyl difluoride (PVDF) membrane and then sealed with 0.05% TBS Tween supplemented with 3% FCS for at least 1 h, followed by incubation of the PVDF membrane with a specific primary antibody overnight at 4°C. Eight to twelve hours later, the PVDF membrane was washed three times, 10 minutes per wash, and then incubated with an HRP-conjugated secondary antibody at room temperature for 1 hour. An image was obtained using chemiluminescence substrate (Pierce, IL, USA) and an Image Station 4000 mm PRO system (Kodak).

Confocal microscopy {#sec011}
-------------------

Cells that detached from virus-infected plates were seeded onto glass coverslips, followed by three PBS washes and paraformaldehyde (PFA) fixation for 15 minutes at room temperature. The cells were then permeabilized with 0.5% Triton X 100 for 5 minutes and sealed in PBS buffer supplemented with 1% bovine serum albumin (BSA) for 1 hour at normal temperature. Later, a primary antibody was added onto the abovementioned coverslips, which were incubated overnight in PBS buffer with 1% BSA at 4°C. On the second day, the cells were washed with PBS three times (5 minutes each time) and incubated with a primary antibody that was dissolved in PBS/1% BSA for 1 hour at room temperature. After three PBS washes, the cells were mixed with an Alexa Fluor-conjugated secondary antibody (diluted 1:1,000) for 1 hour at room temperature in the dark. After an additional 3 PBS washes, cellular nuclei were stained with Hoechst dye 33258 (Sigma) in the dark at room temperature, followed by three PBS washes. The cells were then anchored onto microscope slides and observed using a Leica TCS SP5 confocal microscope after dye incubation for 4 minutes. Finally, an EM CCD camera was utilized with excitation at 405 nm for DAPI, 488 nm for Alexa Fluor 488, and 568 nm for Alexa Fluor 568, MitoTracker Red and LysoTracker Red, and the channels were recorded. Confocal images were captured using the ImageJ software package.

EM and ET {#sec012}
---------

Cells infected for 24 h were collected and resuspended and then centrifuged at 1000 g for 5 minutes. The cells were then fixed with 2% paraformaldehyde and 3% glutaraldehyde for 2 hours and 1% osmic acid for 90 minutes. Harvested cells were dehydrated with an ethanol gradient and wrapped in Spur resin \[[@pone.0200919.ref025]\]. Thereafter, thin slices (100-nm-thick) were created with an LKB2188 microtome, placed on 200-mesh carbon-coated copper grids, and stained with 2% uranyl acetate for 30 minutes before incubation with Reynold's lead citrate for 10 minutes. The samples were sequentially visualized with a JEOL JEM-1400 transmission electron microscope at an accelerating voltage of 120 kV. For ET, 300-nm-thick sections were cut, transferred to 100-mesh carbon-coated copper grids and incubated with 2% uranyl acetate for 30 minutes and Reynold's lead citrate for 10 minutes as previously mentioned. Colloidal gold particles (15 nm in diameter) were then applied to both sides of the slices as reference markers during image alignment. ET data were captured using an FEI Tecnai F20 microscope at 200 kV as previously described \[[@pone.0200919.ref026]\]. A suitable region was selected from a single-axis tilt series and collected with a 4k × 4k CCD; the samples were artificially tilted at 2° increments exceeding a range of 120° (±60°). The final magnification was 11.5k, and the A/pixel angle was 19.6°. The IMOD software package was used for reconstruction, segmentation, and rendering.

IEM {#sec013}
---

Infected cells were harvested for later IEM analysis with LR White resin. Pelleted cells were resuspended and centrifuged at 750 g for 10 minutes, followed by fixation in a mixture of 1% paraformaldehyde, 0.5% glutaraldehyde, and 0.1 M PBS (pH 7.4) for 10 minutes at 4°C. Next, the cells were incubated in another solution supplemented with 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M PBS (pH 7.4) for 70 minutes at 4°C, followed by three washes with 0.1 M PBS (pH 7.4) and a dehydrated gradient of 30%, 50%, 70%, and 90% ethanol at 4°C. The samples were sequentially incubated with a gradient of LR White and ethanol (30%, 70% and 100%) at -20°C for 1 hour per step. Then, the cells were infiltrated with 100% LR White at -20°C for 12 h. The resin was pretreated for polymerization with 320-nm UV irradiation at 20°C for 72 h and 25°C for 24 h. Ultrathin sections were immune-labelled with an anti-protein N antibody (1:50) or dsRNA (1:50) for 12 h at 4°C and then incubated with goat anti-mouse IgG conjugated to 10-nm gold particles as the secondary antibody (1:50). Images of the samples were captured with a JEOL JEM-1400 transmission electron microscope at an accelerating voltage of 120 kV.

Results {#sec014}
=======

Time course measurement of PRRSV replication in Marc-145 cells {#sec015}
--------------------------------------------------------------

To identify a suitable time point to analyse the infectious processes of PRRSV in Marc-145 cells, different methods were used to define the PRRSV replication rate. Marc-145 cells were infected at a multiplicity of infection (MOI) of 1. After absorption, the cells were harvested at 4, 8, 12, 16, 24, 36, and 48 h.p.i. Absolute qRT-PCR results showed that newly replicated PRRSV RNA was detectable at 4 h.p.i., and viral RNA copies increased during the exponential period until 24 h.p.i., at which point they reached a plateau ([Fig 1A](#pone.0200919.g001){ref-type="fig"}). Viral titres were measured to quantify infectious, cell-interacting viruses. Released progeny virus particles were observed at 12 h, which demonstrated that there was a 4-h delay in virus synthesis relative to RNA replication ([Fig 1B](#pone.0200919.g001){ref-type="fig"}). The nucleocapsid structural protein is dispensable for genome replication and subgenomic mRNA transcription \[[@pone.0200919.ref027]\]. Immunostaining results also showed that the concentration of viral N protein increased until 24 h.p.i. and then reached a plateau ([Fig 1C](#pone.0200919.g001){ref-type="fig"}). Virus titres and RNA levels peaked at 24 h.p.i., at which point synthesis of the viral N protein continued. Thus, the 24-h time point was the most appropriate time point for EM analysis to study the functional relationship between PRRSV-induced structures and RNA replication and identify PRRSV virus budding and membrane rearrangement.

![Timeline of PRRSV replication and assembly.\
PRRSV was transfected into Marc-145 cells at an MOI of 1and samples were obtained at different time points as mentioned. (A) Total RNA was extracted and quantified by quantitative RT-PCR through a PRRSV-specific TaqMan probe. (B) The cell-related virus titers in infected cell lysates collected at each time point were employed to analyze the extracellular virus titers. (C) Cell extractives were verified by Western blotting using anti-N antibodies; anti-GAPDH antibodies served as an internal reference.](pone.0200919.g001){#pone.0200919.g001}

Membrane rearrangements induced by PRRSV infection occurred in a time-dependent manner {#sec016}
--------------------------------------------------------------------------------------

In a previous study, virus-induced DMVs were detected in cells infected with PRRSV by EM; these DMVs were most likely formed by the ER \[[@pone.0200919.ref023]\]. In this study, cells infected for 24 h were incubated with 4% paraformaldehyde and infused into resin. Ultrathin sections were stained, and the cellular ultrastructure was observed by EM. [Fig 2A](#pone.0200919.g002){ref-type="fig"} shows complex vesicular structures within the cells after 24 hours of viral invasion. Compared with mock-infected Marc-145 cells, cells infected by PRRSV appeared to contain a series of complex structures. These structures consisted of a number of vesicles, including double-layer membrane structures that were abundant in the vicinity of the ER and complex membranes and vesicles ([Fig 2B](#pone.0200919.g002){ref-type="fig"}). As previously reported for EAV-infected cells, a reticulovesicular network was observed in PRRSV-infected cells in addition to vesicles.

![Membranous ultrastructure caused by PRRSV infection in host cells.\
PRRSV at an MOI of 1 was transfected into Marc-145 cell, fixed at 24 hpi, and used for conventional EM as described in the Materials and Methods. (A) A range of vesicles were detected. DMVs (✱) were labeled with asterisks; autophagosomes are annotated with white arrows. (B) DMVs are often found in clusters by a small network of membranes. Scale bars, 500 nm.](pone.0200919.g002){#pone.0200919.g002}

To identify PRRSV-induced changes to intracellular membranes at the ultrastructural level, a timeline study was conducted to visualize virus-induced membrane alterations during infection. In contrast to mock-infected cells ([Fig 3A](#pone.0200919.g003){ref-type="fig"}), alterations to intracellular membranes were rarely detected in PRRSV-infected cells during the early phase (4--12 h.p.i) ([Fig 3B, 3C and 3D](#pone.0200919.g003){ref-type="fig"}). Vesicles appeared at 16 h.p.i., and more MVs appeared in the cytoplasm and became larger in size at 24 h.p.i. ([Fig 3E](#pone.0200919.g003){ref-type="fig"}). At 36 h.p.i., most membrane vesicles were empty and occupied large amounts of space in infected cells ([Fig 3F](#pone.0200919.g003){ref-type="fig"}). These results demonstrated that membrane vesicles were coupled with increasing viral RNA replication, suggesting that the formation of these vesicles may contribute to viral metabolism.

![Progression of alterations in PRRSV-infected cells.\
Electron micrographs showing fixed PRRSV-infected cells versus mock (A) at 4 h (B), 8 h (C), 12 h (D), 16 h (E), 24 h (F), and 36 h (G). A minimum of 100 cells was detected for morphological alterations that appear during PRRSV invasion. An image of each typical area is represented. Scale bars, 500 nm.](pone.0200919.g003){#pone.0200919.g003}

ER and autophagosomes were involved in viral replication and assembly {#sec017}
---------------------------------------------------------------------

To determine which organelles are involved in PRRSV replication, immunofluorescence microscopy was used to analyse PRRSV-infected Marc-145 cells. PRRSV is a positive-strand RNA virus that generates negative-strand RNA during propagation and transcription, and this negative-strand RNA is employed as a template for the assembly of positive-strand RNA. This process produces dsRNA intermediates, and dsRNA detection in virus-infected cells reflects viral replication. Cells contain many organelles; the ER is the main site involved in protein synthesis, and the autophagosome is involved in the phagocytic cell's own metabolism and invading molecules or viruses. Mitochondrial metabolism provides energy for cells, and lysosomes are responsible for the decomposition of certain types of metabolized organic matter. In mock-infected cells, low amounts of dsRNA or N protein were immunolabeled ([S1 Fig](#pone.0200919.s001){ref-type="supplementary-material"}). At 24 h.p.i., Marc-145 cells infected with PRRSV were fixed, and PRRSV dsRNA, N protein and cellular proteins were detected using mono-specific antibodies, antibodies (calnexin, LC3) and organelle markers (MitoTracker, LysoTracker), respectively. To better explain the colocalization of two markers, we quantified the overlap coefficient using Pearson's correlation, and values above 0.5 indicated colocalization. PRRSV dsRNA and N protein were mainly located outside of the nucleus and colocalized with calnexin or LC3 ([Fig 4A, 4B, 4E, 4F and 4I](#pone.0200919.g004){ref-type="fig"}), with Pearson's correlation values of 0.65±0.10, 0.60±0.11, 0.75±0.09 and 0.68±0.08, respectively. Additionally, colocalization was detected between N protein and MitoTracker RED, which is a marker of mitochondria ([Fig 4H and 4I](#pone.0200919.g004){ref-type="fig"}), with a Pearson's correlation value of 0.56±0.10; however, PRRSV dsRNA and MitoTracker RED demonstrated little evidence of colocalization (0.19±0.07) ([Fig 4D and 4I](#pone.0200919.g004){ref-type="fig"}). Neither PRRSV protein N nor dsRNA colocalized with lysosomes stained with LysoTracker (0.17±0.08 and 0.17±0.10) ([Fig 4C, 4G and 4I](#pone.0200919.g004){ref-type="fig"}). In conclusion, the ER and autophagosomes were the sites of viral replication and assembly, while some virus particles may have attached to the mitochondria.

![Localization of the viral N protein and dsRNA in Marc-145 cells infected with PRRSV.\
At the 24 h time point, Marc-145 cells were fixed and performed for immunofluorescence as mentioned in the Materials and Methods after PRRSV infection at an MOI of 1. Images of samples were visualized using a Nikon TE2000-E inverted confocal microscope at 63× magnification. (A)---(H) The cellular nuclei were dyed with DAPI (blue). Cells were co-stained with the J2 monoclonal anti-dsRNA antibody and (A) the anti-calnexin monoclonal antibody, (B) the anti-LC3 monoclonal antibody, (C) LysoTracker Red or (D) MitoTracker Red. Cells were costained with the monoclonal anti-NS1 antibody and (E) the anti-calnexin monoclonal antibody, (F) the anti-LC3 monoclonal antibody, (G) LysoTracker Red or (H) MitoTracker Red. Scale bars, 10 μm. (I) The graph showing Pearson's correlation coefficients for each markers in (A)\~(H), values above 0.5 were considered as colocalization.](pone.0200919.g004){#pone.0200919.g004}

PRRSV RNA synthesis and assembly were exclusively associated with the ER {#sec018}
------------------------------------------------------------------------

To confirm the localization of PRRSV dsRNA and N protein in the cellular ultrastructure, we used IEM to observe infected cells. In previous studies, EAV replicated its RNA genome on membrane structures originating from the ER \[[@pone.0200919.ref028]\]. In this study, to analyse the RNA derived from the viral duplication process, dsRNA was labelled with immunogold. Compared with mock-infected cells ([Fig 5A](#pone.0200919.g005){ref-type="fig"}), dsRNA coated with gold particles in PRRSV-infected cells was almost uniquely associated with vesicles or the ER ([Fig 5A'](#pone.0200919.g005){ref-type="fig"}) but was not significantly correlated with other organelles, such as the mitochondria ([Fig 5B and 5B'](#pone.0200919.g005){ref-type="fig"}). Similarly, we used the IEM method to gold-label the viral structural N protein. PRRSV-induced vesicles were apparent, and immunogold labelling revealed vesicles containing the N protein of PRRSV ([Fig 5C and 5C'](#pone.0200919.g005){ref-type="fig"}). Some N protein was also associated with mitochondria ([Fig 5D and 5D'](#pone.0200919.g005){ref-type="fig"}). In addition, we observed gold particles in the cytoplasm. Taken together, our results demonstrate that PRRSV-induced vesicles contain large amounts of dsRNA and N protein, which is instrumental for virus replication and synthesis. In contrast, the mitochondria maybe only serve as a temporary docking site for N protein.

![IEM of PRRSV-infected cells.\
PRRSV at an MOI of 1 was transfected into Marc-145 cells, and at 24hours post-infection, cells were immobilized, dehydrated, and inserted as described in the Materials and Methods(A', B', C' and D'). Mock infected Marc-145 cells served as controls (A, B, C and D), Ultrathin sections were marked with antibodies against J2 (A, A', B and B') and N protein (C, C' D and D'). All of the gold particles labeled the cytoplasm of infected cells. Anti-dsRNA labeling was mostly associated with ER and MV (A'), and few gold particles were observed in the mitochondria (M) (B'). Anti-N antibodies displayed labeling on the ER and mitochondria in infected cells (C' and D').](pone.0200919.g005){#pone.0200919.g005}

Analysis of the changes in membrane structures induced by PRRSV using ET {#sec019}
------------------------------------------------------------------------

To understand the alterations in membrane structure induced by PRRSV, ET analysis was performed on 300-nm sections of Marc-145 cells 24 h after infection with PRRSV. As shown, some DMVs were continuous with the ER lumen. PRRSV-induced DMVs appeared in exvaginations, which were connected to the ER lumen through a short-necked structure ([Fig 6A](#pone.0200919.g006){ref-type="fig"}). Three-dimensional reconstruction revealed that the shapes of these structures were anomalous. Some were branched tubular structures ([Fig 6B](#pone.0200919.g006){ref-type="fig"} and [S1 Movie](#pone.0200919.s002){ref-type="supplementary-material"}), exemplified by a continuous snapshot and a 3D surface scenograph of tomograms obtained from cells analysed at 24 h.p.i. ([Fig 6B](#pone.0200919.g006){ref-type="fig"} and [S2 Movie](#pone.0200919.s003){ref-type="supplementary-material"}). The association of DMVs with the ER through their outer membranes suggested that these interactions may depict the intermediate stages of DMV formation, before DMVs are isolated from the ER. Indeed, many DMVs were tightly connected to the ER lumen with visible neck-like structures, whereas few DMVs were not connected to the ER lumen at all. These findings demonstrate that DMVs are isolated from the ER.

![ET Reveals the RVN of interconnected ER-derived DMVs.\
Marc-145 cells were infected with PRRSV at an MOI of 1, fixed at 24 h.p.i, and processed for ET as mentioned in the Materials and Methods. (A) Left: slice of a dual-axis tomogram presenting the various membrane changes; right, 3D structure of the integrated tomogram. ER membranes and vesicles interconnected with ER lumens are described in light green; PRRSV-induced vesicles are depicted in light yellow. Scale bars, 100 nm (B) Left: slice of a dual-axis tomogram showing that a DMV is linked to the ER lumen; middle and right: this tomogram and the 3D membrane rendering of the DMVs structure are shown. These tomograms are shown in [S1 Movie](#pone.0200919.s002){ref-type="supplementary-material"} and [S2 Movie](#pone.0200919.s003){ref-type="supplementary-material"}. Scale bars, 50nm.](pone.0200919.g006){#pone.0200919.g006}

PRRSV assembly occurs in RVN {#sec020}
----------------------------

Subsequently, we found that PRRSV particles were encapsulated in infected Marc-145 cells using ET, but we did not find any evidence of virus particles in bi-dimensional normal sections at 100 nm. The ER enveloped a number of viral particles ([Fig 7A, 7B and 7C](#pone.0200919.g007){ref-type="fig"} and [S3 Movie](#pone.0200919.s004){ref-type="supplementary-material"}), and the ER was also connected with virus-induced vesicles through short neck structures, thus constituting an RVN and indicating the synergistic functions of these two structures. The vesicles were clearly induced to form an RVN, but the mechanism of vesicle formation and the role of PRRSV in their formation, as deduced for coronavirus \[[@pone.0200919.ref020]\], have not been fully elucidated.

![ET manifests the relationship between MVs and virus particles derived from ER membranes and captures virus budding.\
Marc-145 cells were infected with PRRSV at an MOI of 1, fixed at 24 hpi, and processed for ET as described in the Materials and Methods. (A) Close inspection of an ET ultra-thin slice displays an association between membrane vesicles and ER lumen-containing virus particles, with viral particles assembling at the limiting membrane of the vesicle. (B) The 3D structure model of the virus-induced structures in (A) depicts the relationship between membrane vesicles and the membranes enclosing the virus particles. The membrane vesicle is depicted in yellow and virus particles in red. (C) Final 3D surface-rendered model showing the connection between the viral particle and the ER derived membrane vesicle. (D) A side view of the 3D model represents the connection between virus budding and the membrane vesicle. This tomogram is shown in [S3 Movie](#pone.0200919.s004){ref-type="supplementary-material"}. (E) The particle was connected with the membrane which wrapped the particles, the arrow is the connection.](pone.0200919.g007){#pone.0200919.g007}

Our previous experiments detected staining for anti-dsRNA or anti-N antibodies using IEM; however, the antibody concentrations were too low to detect specific staining. By using ET, we observed that virus particles and the ER are connected ([Fig 7E](#pone.0200919.g007){ref-type="fig"}); therefore, viral-modified membranes and the RVN produced by PRRSV-infected cells were inextricably linked to viral anabolism. After infection, an RNA-nucleocapsid protein complex was formed and attached to the membrane, allowing for the efficient assembly, production and delivery of viral RNA from PRRSV progeny. We used ET to study the site of virus budding and revealed that the virus particles are located in an RVN consisting of the ER and membrane vesicles; the particles are also connected the outer membrane of the ER.

Discussion {#sec021}
==========

The requirement for organelles and the involvement of intracellular modules in PRRSV replication have long been controversial. Over the decades, some EM studies have revealed relationships between the endomembrane and viral replication \[[@pone.0200919.ref029]--[@pone.0200919.ref031]\]. Previous studies investigating the replication structure of PRRSV reported that progeny virions accumulate in the intimal compartment of the cell and are released into the extracellular space via exocytosis \[[@pone.0200919.ref032]\]. Analysis of ultrastructural membrane structure changes in infected cells is an important approach to understand how RNA viruses modify cellular membrane structures to create an environment for their genomic replication and gene expression.

Ultrastructural research defines a framework of space and time that integrates cell biology and biochemistry data from infected systems to help us understand the cycle of RNA virus replication \[[@pone.0200919.ref004], [@pone.0200919.ref009]\]. In this work, we combined ET, IEM and a number of molecular biology tools to generate a model of PRRSV-infected cells. Our results confirmed that the DMV structures in Marc-145 cells are induced by PRRSV; these DMV structures are similar to the RVN structures induced by EAV. However, the vesicles were notably smaller than those produced by coronaviruses.

Previous transmission EM studies in EAV-infected cells revealed that cellular membrane rearrangement is reduced by virus infection \[[@pone.0200919.ref033]\]. Using Marc-145 cells as a model, our study demonstrates a correlation between functional membrane remodelling and RNA synthesis during PRRSV replication ([Fig 1](#pone.0200919.g001){ref-type="fig"}). We comprehensively monitored membrane rearrangements and viral replication every 4 h from 0 to 16 h.p.i. and every 12 h after 24 h.p.i. DMVs appeared at 16 h.p.i. and became larger at 24 h.p.i.; during this period, levels of newly synthesized viral RNA began to increase. These results imply a link between membrane remodelling and RNA synthesis. However, at 36 h.p.i., the size and number of DMVs were not significantly different, and large numbers of vacuolar structures appeared ([Fig 3](#pone.0200919.g003){ref-type="fig"}). We inferred that the decreased viral RNA synthesis rate we observed was mainly attributable to increased viral genome packaging in the cytoplasm, resulting in an increased rate of viral particle release, thus preventing RNA accumulation. This may be induced by the consumption of RNA produced by the cells.

After PRRSV infection, cells appear to engage in vesicle trafficking and synthesis to provide sites for viral RNA translation, replication and viral assembly \[[@pone.0200919.ref007]\]. Although the role of vesicles as RNA replication sites has been established, the hypothesis stating that PRRSV RNA synthesis occurs in the vesicle lumen requires further exploration through staining for dsRNA markers. The formation of RTCs is induced by positive-strand RNA viruses during infection; these RTCs contain viral proteins, host proteins, viral nucleic acids, and the host ER membrane and dsRNA formed during virus replication. Autophagy has been shown to be crucial for the replication of several positive-strand RNA viruses, such as poliovirus \[[@pone.0200919.ref034]\], coronavirus \[[@pone.0200919.ref035]\] and dengue virus \[[@pone.0200919.ref036]\]. Using immunofluorescence and IEM, we found that dsRNA synthesized by the virus localized on the ER and autophagosomes near the nucleus, indicating that the ER and autophagosomes are essential for viral replication (Figs [4](#pone.0200919.g004){ref-type="fig"} and [5](#pone.0200919.g005){ref-type="fig"}). In our study, the PRRSV N protein co-localized with mitochondria, suggesting that, unlike previous reports of mitophagy \[[@pone.0200919.ref006]\], the viral capsid protein was attached to the internal network. Morphological changes in the mitochondrial membrane compared with uninfected cells have not yet been detected.

Using EM, we detected cell membrane rearrangements induced by PRRSV. These structures are typically shown as vesicles, including single-membrane vesicles and DMVs. In our experiments, 100-nm-thick samples were used to observe the shapes of the structures in PRRSV-infected cells. Large numbers of DMVs were easily observed after infection, mostly around the ER ([Fig 2](#pone.0200919.g002){ref-type="fig"}). However, two-dimensional transmission EM only showed cross-sections of these vesicles. Some organelles secreted by the capsule were difficult to see in previous reports, and our data show that some information was misleading.

Previous studies have shown that PRRSV invasion remarkably increases the number of single-membrane vesicles or DMVs in the cytoplasm \[[@pone.0200919.ref037]\]. Many positive-strand RNA virus-induced structures are composed of DMVs \[[@pone.0200919.ref030]\]. West Nile virus stimulates retraction of the ER membrane, which links to the cytosol via small pores, modulating the release of viral RNA \[[@pone.0200919.ref014]\]. Relevant findings were confirmed with dengue virus, another flavivirus. Polioviruses demonstrate extensive membrane recombination derived from sections of an anterograde membrane trafficking system to produce single-membrane vesicles and DMVs and form complex network structures \[[@pone.0200919.ref016]\]. Data from other studies have shown that the propagation of positive-stranded RNA viruses is connected to intracellular membranes; virus-induced membrane alterations are connected with viral RNA replication, including genome replication, and involve changes in the mitochondria and Golgi \[[@pone.0200919.ref009]--[@pone.0200919.ref011], [@pone.0200919.ref038]\]. Plant pathogens such as BBSV induce widespread rearrangement of the ER to form dotted spots or plaques in the cytoplasm, and tomato bushy stunt virus induces more peroxisomal and chloroplast remodelling \[[@pone.0200919.ref039]\]. In our research, PRRSV infection produced large numbers of vesicles, most of which were connected with the ER membrane structure and part of the constructed RVNs ([Fig 6](#pone.0200919.g006){ref-type="fig"}). Notably, DMVs contained a channel linking their exterior to the ER. The diameter of this channel, which connected PRRSV-induced vesicles with the cytoplasm, must be sufficiently large for the exchange of RNA products and nucleotides with cytoplasm. This result is consistent with our hypothesis that this channel provides the required components for viral RNA synthesis sites. Our results suggest that the pattern of cellular pathology produced by PRRSV infection is similar to those of HCV and SARS-CoV and results in large numbers of complex structures that affect the reorganization of cellular membrane structures.

In addition to identifying vesicles linked to the ER, we also found ER-enveloped virus particles in PRRSV-infected cells. It has been reported that pre-assembled nucleocapsid budding occurs on intracellular membranes \[[@pone.0200919.ref040]\]. Some previous studies provided particularly interesting EM observations from low-temperature electrophysiological experiments showing the structure of PRRSV particles extending from the cytosol to the budding process \[[@pone.0200919.ref041]\]. The core was described as a double-layered hollow structure with an average diameter of 39 nm. ET was first used to demonstrate the 3D resolution of the FHV replication complex \[[@pone.0200919.ref042]\]. This technique has since been applied to characterize the 3D characteristics of a variety of positive-strand RNA viruses, including Picornaviridae viruses, Flaviviridae viruses, hepatitis C virus and Coronaviridae viruses \[[@pone.0200919.ref010], [@pone.0200919.ref043]\]. In this study, ET captured viral particles budding from the ER membrane ([Fig 7](#pone.0200919.g007){ref-type="fig"}). Viral particles are synthesized in vesicles derived from the ER and are secreted into the cytoplasm to exert their viral activities \[[@pone.0200919.ref019]\]. These structures have previously been detected exclusively in flavivirus \[[@pone.0200919.ref031]\] and coronavirus-infected cells. These similar results imply that certain positive-strand RNA viruses accomplish their replication and assembly by inducing the formation of replication complexes \[[@pone.0200919.ref044]\].

Overall, our results demonstrate similar structures produced by membrane rearrangement following PRRSV infection and EAV infection. However, we identified some differences between membrane structures caused by PRRSV infection and other related viruses as well as novel membrane structures. These membrane structures are similar to the RNA synthesis sites confirmed for other positive single-stranded RNA viruses. More importantly, for the first time, we used ET to reconstitute nidovirus particle synthesis sites. Further research should investigate whether vesicles provide sites for PRRSV RNA synthesis and determine which viral proteins induce membrane rearrangement. To our knowledge, this study is the first to present the PRRSV-induced membrane changes associated with viral RNA replication in 3D models.

Conclusion {#sec022}
==========

In this study, we created a 3D reconstruction of the membrane rearrangement induced by PRRSV. Our findings provide highly valuable information regarding the biological context of PRRSV and show that PRRSV assists in the recruitment of membrane structures and related proteins to vesicle-associated processes. By using IEM and other molecular virology approaches, our results elucidate connections between PRRSV duplication, assembly and the course of virus-induced membrane remodelling. The findings of this study are valuable for understanding the life cycle of PRRSV-invaded cells in vitro.

Supporting information {#sec023}
======================

###### Localization of the viral N protein and dsRNA in mock-infected cells.

Cells cultured on plates were fixed and processed for immunofluorescence as described in the Materials and Methods, and nuclei were stained with DAPI. DsRNA and protein N are stained in green. Scale bars, 10 μm.

(TIF)

###### 

Click here for additional data file.

###### Single-axis electron microscopy tomogram reconstructed from an \~300-nm-thick section of PRRSV-infected Marc-145 cells fixed at 24 h p.i. (corresponding to [Fig 6](#pone.0200919.g006){ref-type="fig"}).

The animation according to the tomogram displays a large number of vesicles; among these, independent vesicle structures are depicted in yellow, and vesicles interconnected to the endoplasmic reticulum are depicted in green.

(MOV)

###### 

Click here for additional data file.

###### Single-axis electron microscopy tomogram reconstructed from an \~300-nm-thick section of PRRSV-infected Marc-145 cells fixed at 24 h p.i. (corresponding to [Fig 6](#pone.0200919.g006){ref-type="fig"}).

The animation according to the tomogram shows that the ER is connected to the lateral side of a vesicle, suggesting that vesicles are secreted by the ER.

(MOV)

###### 

Click here for additional data file.

###### Single-axis electron microscopy tomogram reconstructed from an \~300-nm-thick section of PRRSV-infected Marc-145 cells fixed at 24 h p.i. (corresponding to [Fig 7](#pone.0200919.g007){ref-type="fig"}).

The animation according to the tomogram shows that most virus particles were observed within the vesicle and that one particle was budding into the outside of the membrane vesicle, suggesting that these vesicles are the locations of PRRSV particle assembly and secretion.

(MOV)

###### 

Click here for additional data file.
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:   three-dimensional

DMV

:   double membrane vesicles

dsRNA

:   double-stranded RNA

EM

:   electron microscopy

ER

:   endoplasmic reticulum
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:   electron tomography
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:   immune-electron microscopy

MV

:   membranous vesicles

PRRSV

:   porcine reproductive and respiratory syndrome virus

RVN

:   reticulovesicular network
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